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MANCHESTER The full data-set

The University of Manchester
Last update: 2023-07-10 10:26(; Total = 21.90 (xBNL)
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a,x 10° = 1165900

The g-2 Theory Initiative recommended SM value:

2020 compilation from published work only.
HLbL includes data-driven theory and lattice.
HVP entirely based on data-driven evaluation.
Net uncertainty, driven by HVP is ~ 369 ppb.

Quantity Correction Terms Uncertainty

(ppb) (ppb)
w, (statistical) - 434
w, (systematic) - 56
C. 489 53
e 180 13
Cmi -11 5
7 - -158 75
Featit(Wy (2, y, @) X M(z,y,9)) & =
B, -17 02
By -27 37
Py (34.7°) / pte - 10
my, [me - 22
Ge /2 ) 0
Total - 462

The 2021 Run1 g-2 result:
Confirmed the BNL result.
Led to net increase in discrepancy with theory at 4.20.

Statistical uncertainty: 434 ppb; Systematics: 159 ppb).

World average uncertainty: 350 ppb.
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* Put a beam of polarized muons into a storage ring magnet. S n
v
* Both the muon spin and momentum precess. < — f S .+
« Because g > 2, the spin precesses faster than the momentum. Pv, c >
« Parity violation in muon decay means the highest energy positrons Spu Pe+
are emitted preferentially in the direction of the muon spin. _’S N
Pv, H
U — 2.00[ | -
1.75F 7
— 1.50( Threshold energy .
- S i Count the
~ 1.25F 7
£ number of
u =001 positrons
= 0751 Spin 1 above a certain
0.50- — T energy
Momentum
@ 0.25F 7
3 > momentum \ | | |
— spin 000555 05 10 15 20 25 3.0

Energy [GeV]
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The experiment
actually measures

two frequencies:
a

7l

What we actually measure
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The magnetic field map
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Top Probes Trolley measures the field in the ring

| every ~3 days
77.0..-_..[ ...... @ ................ @ ________________ ______ ] ,,,,,,,, very y

<—30mm+30mm—>

Y [mm]

Fixed probes monitor the field in

ol Troley between trolley runs

Calibrated using the plunging probe
and a spherical water and helium-3

0.0 4| @ ...... D @O

I I
-35.0 -17.5 0.0

-77.0 1

¢

Bottom Probes




MANCHESTER

1854 The muon beam distribution &y X [

The University of Manchester

Wa
/
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The trackers provide a non-destructive measurement of the beam position as a function of time

Time since injection: 5.0 us
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This is used to convolute with the field to know the
field the muons experienced at the point of decay

It is also important due to detector acceptance
effects

Section through storage ring

Vacuum Chamber

'h
.
Calorimeter '\,\
Tracker

Calorimeter
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N L L ——— : .
8 < 107 } 2/n.df. = f
AP s g : y2/In.d.f. = 4167/4132 Need to account for
. < 10 | | acceptance changes
' o 10 M the exponential due to
5 v ) .
P = 102
: 0 " " A 21() " M " 41() i M A 610 A " " 810 i " .1010 . |
05 = . : S Simple 5-parameter fit
L 5 . Time after injection modulo 102.5 [us] ¥2/ ndf = 8191 / 4149
- O
- .._§ :E 0 = No CBO or u*loss -
! i O : .
- - 3 — Full fit function J Fit with extra terms
T T ~ X2/ ndf = 4005 / 4134
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MANCHIZIER Real world complications
Beam Dynamics:

E-field, Pitch, Muon Losses,

Clock Blinding Phase-Acceptance
1
[ |
m
Wy fclock: W 1+ Oe + Cp + le + Cpa
/
<wp X M,u> fcalzb M 1+ Bk + Bq
\ J
F|eId _ ! e
Calibration “3 ingredients” Transient Magnetic Fields:
Kicker Eddy Current,
Quad Vibrations

e.g., the beam has a small vertical component which is focused using electrostatic quadrulpoles, but this introduces extra terms:

N & - 1 - o SO\ o
G = — [%B— (au— ﬁ) GxE—a, (ﬁ) (5.3) 5]

We can minimise the first by choosing y = 29.3 to give p,, = 3.1GeV, the magic momentum S & Nwa
For a 1.45T field, this sets the radius of the ring to 7.11m Q/‘\\Q\\Q’\\ Ce = (.
However we now have 2 corrections to make to a, because: oy

* Not all muons are at the ‘magic’ momentum of 3.1GeV o ;\\Oﬁ\ . Awa
* Vertical momentum component aligned with B field Qi’oﬁ@o (“P == Wa

» Both corrections depend on the quadrupole field strength, and are < 0.5ppm »
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e.g. corrections due to fast transient fields from
the pulsed systems

Muons experience a field change which the fixed
probes don’t see due to shielding

Effects measured in dedicated measurement

campaigns
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Systematics improvements since Run-1
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Coherent Betatron Oscillations Damaged Quadurople Resistors

Tracker Data: Station 12

i g ®F
= T ! i i T S o B
Kickers upgraded during run-3 £ * ——Run-1,2,3a ! gﬁnm_?g;gtg?tgg tr)eesalfrt]ors " AN
to provide a more optimal kick, 3 =F —+— Runrdby4 ! L T
ina the CBO ilati £ b —+ Run‘5 : distribution. S Nominl -5t
reducing the oscillation. g - | o 2 E— Nominal 2-Ste
- \ . S Beam Injection
8— : i c — — - Fit Start Time
Introduction of the quad RF F l Ledto atime depe_n dent e Damaged -Step
system in run 5 further e, e | phase due to calorimeter o A T Damaged 2-Step
_ B ey, gl ! acceptance.
reduced the amplitude of the B S, oo : P E
. . - Tteesces,,,. st ¢ 113 1 H :
oscillations. B ST RIORET B ! , j s
01-°.°.°r..,\..l,‘_.l.._,.. e ! Was fixed before Run-2. A I I U T
0 50 100 150 200 250 300 350 4$?me [u;t]SO : 50 100 150 200 250Time [HSS(])O
Designed special NMR probe which is inserted into the storage reason (F fj pe—m 1
to measure the transients at all positions. ; * T
2 -90.298 deg . Temperature stability 2 v/l," "5 K eover
T 1 (@) i ®  sensor groups
. of the hall and magnet =, J}/l
1 . 5 / ) 28 3E
T 10 ' was improved 8 ot x o
3 | L N i reducing variations £” )
T Oyt e . and systematics. ’ :SH N o il
§—10- i 23 : f :.:-“: fu_,—:
i 24000 26000 28000 30000 32000 34000
-20 T T T T T 1 MIDAS run number
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fime [ms] And many more... 13



e *Warning: until we look at

EST - the data, we can’t be sure
The University of Manchester s s
this is just a good guess

Run-2/3 Entire data set (Runs 1-6) da,, = <140 ppb
» Result announcement on August 10t 2023. » Statistics <100 ppb
» Statistics ~ 200 ppb * Precession systematics <<70 ppb
» Systematics ~ 100 ppb » Field systematics <<70 ppb
» e.g. field measurement systematic uncertainties: * Not thought of yet ~507? ppb (a guess)

o(Ry) vs. n. of effective BNL samples
500  — — — PN

Error budget for Run-2/3 e e i ' i !
g Radius: ®,’ uncertainty 450 - | P |
Run 1a Run 1b Run 1c Run 1d I : --- Run1l..6 :
I ! I
3501 I i
—_— | I o(Ry)[Run 1] =462ppb=423(stat) = 157(syst)ppb |
Q 30011 1| { |
& I | olRy)[Run 2+3] =224 ppb =202(stat) +98(syst)ppb |
el : : ofR,)[Run 4+5+6] =141ppb =102(stat) +98(syst) ppb :
% 2001 | I
1 1 I
I 1 |
150 A -
I 1 l ~
T 1 I | 133 ppb
100 1 I o(R,)[Rur 6]1=133ppb =90(stat) = yst)ppb I |
e . l I l
Run 2 Run 3a Run 3b e 22 = : : :
0 l' 1 1
1 |

Largest uncertainties were transients, 23 456 78 gBﬁ’ngarﬁpll;s“ 1516 17 18 19 20 21 22 23
now understood much better.
We are here now J
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HVP: Dispersive Approach
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Aa,, = 279(76) x 1071 — 2.39(0.65) ppm

SM __ _QED EW HVP HLbL
| a" =a; +a, +a, +a, J
e a, arises due to
quantum aiM portion (5aiM portion
corrections / _
higher Order Perturbatlve ~ 9999% NOOO].%

interactions / loop Lihown: to-five-laop)

contributions

! Perturbative 1 0
. ~ 1 ppm ~0.2%
o All SM particles e & /§\ (Known to two-loop)
Vy VA H

contribute —
Calculate and
sum all sectors of
the SM.

Non-perturbative ~ 59 ppm ~84%,
Data-driven & lattice)

Non-perturbative ~ 1 ppm ~16%
(Data-driven & lattice)




Dispersive HVP: the method
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= We want to calculate the leading order hadronic
vacuum polarisation (HVP) contribution

1) Feynman rules for HVP insertion to photon propagator:

Banns Y “‘(q—_l% —ie)illag(q”)(— 'f)(li;ﬂ:)
() f | | Any and all
2) Employ analyticity: i “ﬁ“”@“% T %%‘/T dss(.s-lil;(i).,-g) phe;;r:.ic’;tnesd
Mas(q%)

g & F°°'ds
3) Insert to vertex correction, solve for ay: a2 MO VP — —2/ — ImTIThad(s)K(s)
/(Y Sth S

Strongly

4) Utilise optical theorem: 5) Arrive at equation for ahad LOVP. weighted at low-
2 energy (non-
. had, LOVP __ — i
Im |~ ) e ‘ #a ~ q S / ds o’had 7(3)[{(3) perturbatlve
2] regime)
Im Tyaq (¢%) ~ Ohod (¢?) aﬂadﬁ = bare cross section, FSR included

= Similar dispersion integrals for NLO and NNLO HVP

17
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? Babar (Eqy = Y(45))

The measured data

Dedicated measurements of ete™ — hadrons.
- < 2 GeV = exclusive final states (1, 2m, 3m, 4m, 5m, 6w, 7, KK, KK, KK 2w, 2K K, pp, ni ...).
- = 2 GeV = inclusive hadronic R-ratio (all hadrons).
Two methods from cross section measurement:

-« Direct energy scan - fixed CM energy measurement of production cross section.
Radiative return — measure differential cross section with tagged ISR photon to reconstruct production cross section.

Radiative Return

Comprehensive (almost all)
exclusive final states measured
below 2 GeV.

High statistics, from-threshold
measurements of ttrm ™.

BES-IIl (E-y = 2-5 GeV)
High-precision measurement of
ntm~ on p-resonance.
Measurements of other modes,
e.g. nTr~n?, inclusive.

BESII

KLOE (Ecy = ¢)
3 high-precision measurements of
ntm™ on p-resonance, using
different methods.
Combination results in most
precise measurement of Tt ~.

Others
CLEO-c (™ m™).
Belle-1l (hopefully in the near
future).

Direct scan

SND and CMD-3 (Novosibirsk)
Both located at VEPP-2000
machine.

Comprehensive (almost all)
exclusive final states measured
below 2 GeV.

KEDR (Novosibirsk)
Inclusive measurement.

Plus, many older measurements from now

inactive experiments...

18
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Radiative Corrections: MC Generators

We need high-precision MC generators for radiative corrections at the experiment level:

"Visible” cross section
oclete™(y) = X(¥))

Adjust for radiative
corrections (ISR, FSR)
glete™ = X)

MC generators for exclusive channels (exact
NLO + Higher Order terms in some approx)

MCGPJ
(VEPP-2M, VEPP-
2000)

BabaYaga@NLO
(KLOE, BaBar,
BESIII)

e*e 2> e*e,u'y,
nt,...

e*e 2> e*e,uty,
1Y

G. Venanzoni, Status of Radiative Corrections for e+e- data, Fifth
Direct scan: Plenary Workshop of the Muon g-2 Theory Initiative

- For 2m, radiative corrections account for ISR and FSR effects.
- For non-2m:
- Radiative correction accounts for ISR effects only.
- Efficiency is calculated via Monte Carlo + corrections for
imperfect detector.
Radiative return:

Here we correct for all
detector effects

This one is used to get - Precise knowledge of ISR-process through radiator function is
parameters of the paramount. do
resonances (mass, width,...) S* dmy =0,,(s,)x H(s,s,)

Sﬂ

MC generators for ISR (from
approximate to exact NLO)

EVA ete dntny O(%) Tagged photon
(KLOE) ISR at LO + Structure Function
0.2% photon jets along all FSR: point-like pions

particles (collinear Structure

i:gfrtil)?:?evrvrll?n?: Al AFKQED e‘e  Dntny, depends on the ISR at LO +Structure Function

(BaBar) event selection
(can be as good
0.1% QED Parton Shower as Phokhara)
approach with exact NLO PHOKHARA  e‘e Sr'my 0.5% ISR and FSR(sQED+Form Factor)
matrix elements >
(KLOE, BaBar  p*u-y, 4ny, ... at NLO
BESIII)

19



Radiative Corrections: MC Generators

The University of Manchester

We need high-precision MC generators for radiative corrections at the experiment level:

G. Venanzoni, Status of Radiative Corrections for e+e- data, Fifth

Direct scan: Plenary Workshop of the Muon g-2 Theory Initiative
N . « For 2w, Radiative corrections 2~~~ and FSR effects.
"Visible” cross section Here we correct for all . F . +e- %
alete=(y) = X(¥)) detector effects or hon- for e
atof cts only

” : C g enel \ﬂt sorrections for
Radiative correct\onshan?d\\/\ m at 0. 1% uncertad ore!
a snoO

ne eded tor function is

admirt adrons, 1€ ¥\)\\NLO calculation

olete™ -
\
_nower:
eed of p Op\efp|SR f te to exact NLO
a’[e N _..srawors for (from approximate to exac )

MC generator.

\n desper

EVA ete dntny O(%) Tagged photon
. (KLOE) ISR at LO + Structure Function
MCGPJ e*e > e'e,, H+W’ 0.2% photon jets along all FSR: point-like pions
(VEPP-2M, VEPP- ot particles (collinear Structure
2000) i:gfrtil)?:?evrvr::}n?: actNLO AFKQED e‘e" Dn*ny, depends on the ISR at LO +Structure Function
(BaBar) . event selection
(can be as good
BabaYaga@NLO e*e > e*e,u*y, 0.1% QED Parton Shower as Phokhara)
(KLOE, BaBar, approach with exact NLO . N o
J 3 YY o PHOKHARA et*e >n'*ny, 0.5% ISR and FSR(sQED+Form Factor)
BESIII) (KLOE, BaBar  pu-y. 4ny. ... at NLO
LR, 4Ty,
BESIII)

20
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Data tensions, e.g. KLOE vs BaBar

Difference between KLOE vs. BaBar is still evident, but not at the level of the g-2 discrepancy!

KNT re-analysis 2019: m* m~ channel

0.4
e al " (0.6 =< VS =0.9 GeV) =(369.84 + 1.30) x 1071°
icorallm™nm ata
| KLOE (08) Global X,Zmn/d.o.f=1.26
+  KLOE (10)
0.31 } cmD-2(06)
¢ CMD-2 (06)
+  SND (06)
| CMD-2 (05)
- {  CMD-2 (03)
Ob‘: 0.2 +  KLOE (12)
2 ¢ BESII (16)
o 4 CLEO-c y(3770) (17)
() | CLEO-c y(4170) (17)
| 01 |
o
)
0.0 || | 01 il R ) ! | | 18 1
i i i il
-0.1 }
0.60 0.65 0.70 0.75 0.80 0.85
Vs [GeV]
C dt ntn™ _
ompared to aj; " =

Simple weighted average of all data —» af”_(weighted average) =509.2+29 °
(i.e. — no correlations in determination of mean value)

BaBar data dominate when no correlations are accounted for in the mean value.
» Highlights the importance of incorporating available correlated uncertainties in fit.

0.9%

1400

1200

1000

g
-ntmn~) [nb]

600 !

ete

400 5

o

o)

200

KNT re-analysis 2019: m*n~ channel

Fitofallm*m~ data: 368.84 +£1.30

Direct scan only: 370.77 £ 2.61

KLOE combination: 366.88 +2.15

— O 0
—_— BaBar (09): 376.71+2.72 —_—
BESIII (15): 368.15 + 4.22
CLEO-c (17): 376.69 = 7.05 _—
360 365 370 375 380 385 390 395 400 405

al " (0.6=V5=0.9GeV)x1071°

503.5+ 1.9 » al ™ (BaBar data only) = 513.2 + 3.8

Data tensions also present
in other channels.

* Accounted for with error
inflation and additional
uncertainties.
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1 oo

> Target: ~ 0.2% total error. had, LOVP 0
> Current dispersive uncertainty: rac? Ay "~ 4m3 ), ds Ohad () K (s)
th
~ 0.5%. R(5) = 0aa(8)/ (5 /
> Below ~ 2_ G.eV. | 10000 | _ . Y A . |
> Radiative corrections. N - i o Y(15-6s) !
> Combine data for > 50 exclusive on-perturbatlve. : w(2s) !
channels. 1000 | €XPerimental data i | Perturbative: |
> Use isospin / ChPT relations for (plus smal! isospin & i ! pQCD
missing channels (tiny, < 0.05%). ChPT estimations) | i
» Sum all channels for total cross 100 - b E i -
section. - ! :
> Above ~ 2 GeV: T plo> | ;
> Combine inclusive data OR pQCD 10 E | -
(away from flavour thresholds). : M~ o Ll !
» Add narrow resonances. : _ S
_ 1k +  Non-perturbative & perturbative: | i
> Challenges: _ E experimental data OR pQCD |
> How to combine ' (and Breit-Wigner for narrow 1
data/errors/correlations from ! resonances) ! |
different experiments and 0.1 P ’ 10 100
measurements. Vs [GeV]

> Accounting for tensions & sources
of systematic error.

Phys.Rev.D 97 (2018) 114025, Phys.Rev.D 101 (2020) 014029.

22



VAN Analysis approaches: DHMZ & KNT
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Analysis step KNT (Phys.Rev.D 97 (2018) 114025, Phys.Rev.D 101 (2020) 014029) DHMZ (Eur. Phys. J. €80, 241 (2020), [Erratum: Eur. Phys. J. C80, 410 (2020)])

0.4 0.5 0.6 07 0.8 0.9

Vs [GeV] Vs [GeV]

Blinding Included for upcoming update None
VP Correction Self-consistent VP routine + conservative uncertainty. Self-consistent VP routine + some uncertainty (?).
FSR corrections Scalar QED for two body + conservative uncertainty. Scalar QED for two body + some uncertainty (?).
Re-binning Re-bin data into “clusters”. Scans over cluster configurations Quadratic splines of all data sets quadratically interpolated on fixed
for optimisation. binning.
Additional None. Analyticity constraints for 2 channel.
constraints
Fitting x? minimisation with correlated uncertainties incorporated x? minimisation with correlated uncertainties incorporated locally.
globally.
Error inflation Local x? error inflation. Local x? error inflation.
Integration Trapezoidal for continuum, quintic for resonances. Quadratic interpolation.
KLOE12 b : i 3 S 3
0.15 | KLOE10 L 1 -§ 0.15° .
KLOEos —e— - 1200 @ . 1
e 0d KLOE combination : 2 o4k ey
—L co<e.e- - x'%) 4 1000 § ! g > _ 7
5 - © 0,05+ I _
ntn~ 5 - ' S : L ntmn~
a; " (fs<2GeV) 2 e 3 3 Ot ca; " (s <2GeV)
o = ' | |
= 503.74 + 1.96 & o ! £-0.05 I = 507.14 + 2.58
%21 2 ' 3 E |} E
% C @ -0.1 - :
2 ' o E ! 4 2 ; =
. S, | MOE% MCE R wromn
' 03 04 05 06 07 08 o9 73
i
1



MANCHESTER

i524 Other analyses and choices

The University of Manchester Phys.Rept. 887 (2020) 1-166.
Energy range ACD18 CHS18 DHMZ19 DHMZ1Y’ KNT19

Analyticity constraints . i ooy o Eun e G0 2020 Fu <0.6GeV 110.19) 11044)5)  1103(@)  108.7(9)
. . . . <0.7GeV 214.8(1.7) 21470.8)(1.1)  214.8(8) 213.1(1.2)

e Constraints to hadronic cross section applied from < 0.8GeV 4132023) 4144(1.523) 4142(15) 412.0(1.7)
analythlty unlta rlty and Cross|ng Symmetry <0.9GeV 479.8(2.6) 481.9(1.8)(2.9) 481.4(1.8) 478.5(1.8)

’ o . . < 1.0GeV 495.02.6) 497.4(1.8)3.1) 496.8(1.9) 493.8(1.9)

* These allow derivations of global fit functions based on [0.6.071Gev 0477 10426)05)  1045G)  1044G)
fundamental properties of QCD. [0.7,0.8] GeV 1983(9) 199.809)(1.2)  199.39)  198.9(7)
o o [0.8,0.9] GeV 66.6(4) 67.5(4)(6) 67.2(4) 66.6(3)

* Can lead to reduction in uncertainties. [0.9,1.0] GeV 15.3(1) 1551@ 1551  153(1)
° Successfu”y app“ed for 27-[ 37-[ T[O]/ Channels_ <0.63GeV 132.9(8) 132.8(1.1) 132.9(5)(6) 132.9(5) 131.2(1.0)
yE [0.6,0.9] GeV 369.6(1.7) 371.5(1.5)(2.3) 371.0(1.6) 369.8(1.3)

[V0.1, ¥0.95]GeV 490.7(2.6) 493.1(1.8)3.1) 492.5(1.9) 489.5(1.9)

Fred Jegerlehner’s combination
 Data-sets from the same experiment are combined in local regions of 4/s using a global y? minimisation.

* Overlapping regions of combined data are then averaged.

« Resonances are parameterised using models (e.g. G-S, BW), with masses are fixed to PDG values. i, s oot tres.
« 7 dataare/aren’t included. Isospin corrections are made for e.g. p — y mixing. "

Broken Hidden Local Symmetry (Benyanoun, Jegerlehner)

» Effective Lagrangian based on vector meson dominance and resonance ChPT. M. Benayoun, L. Delbuono, and F. Jegerlehner, Eur. Phys. J. C80, 81
. (2020), [Erratum: Eur. Phys. J. C80, 244 (2020)], arXiv:1903.11034
* BHLS model parameters are extracted from experimental data. ool '

* Can lead to drastically reduced uncertainties, but some data must be discarded.

BDJ19 DHMZI9 FJ17 KNT19
a; "0 % 101 687.1(3.0) 694.0(4.0) 688.1(4.1) 692.8(2.4)
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had, LOVP
ay

= 693.84 + 1.1954¢ + 1.964y5 + 0.22,,, + 0.7 15,

Comparisons and the 2021 WP result

KNT19, Phys.Rev.D 97 (2018) 114025, Phys.Rev.D 101 (2020) 014029.

T T T T

DEHZ03: 696.3+7.2 —+—

HMNTO03: 692.4 +6.4 ——@—

DEHZ06: 690.9+ 4.4 ———t—

HMNTO06: 689.4 +4.6 ——@&—

FJ06:692.1 +5.6 ——*——

DHMZ10: 692.3 +4.2 ———t—

JS11: 690.8 £4.7 ——%—

HLMNT11: 694.9+4.3 —&—

FJ17:688.1 £ 4.1 ——F%—

DHMZ17:693.1 £3.4 ————t——

KNT18: 693.3+2.5 ——@&—

DHMZ19: 693.9 +4.0 ——t—

KNT19: 692.8 £2.4 weu—

» Clear tn~ dominance

I | | | |
695 700 705 710 715

a‘l}ad, LO VP X 1010

> Precision better than
0.4%
(uncertainties include all
available correlations
and y? inflation)

Phys.Rept. 887 (2020) 1-166.
Detailed comparisons by-channel and energy range between
direct integration results:

DHMZ19 KNT19 Difference

e 507.85(0.83)(3.23)(0.55)  504.23(1.90) 3.62
mtaa® 46.21(0.40)(1.10)(0.86) 46.63(94) -0.42

o ¥ oF o 13.68(0.03)(0.27)(0.14) 13.99(19) -0.31
mta n0n® 18.03(0.06)(0.48)(0.26) 18.15(74) -0.12
K*K~ 23.08(0.20)(0.33)(0.21) 23.00(22) 0.08
KsK;. 12.82(0.06)(0.18)(0.15) 13.04(19) -0.22

oy 4.41(0.06)(0.04)(0.07) 4.58(10) -0.17

Sum of the above 626.08(0.95)(3.48)(1.47)  623.62(2.27) 2.46
[1.8,3.7] GeV (without c?) 33.45(71) 34.45(56) -1.00
JI, ¢(2S) 7.76(12) 7.84(19) -0.08
[3.7, ) GeV 17.15(31) 16.95(19) 0.20
Total a;, "> "© 694.0(1.0)(3.5)(1.6)(0.1),,(0.7)py-ocp 692.8(2.4) 1.2

+ evaluations using unitarity & analyticity constraints for zz and zzz channels
[CHS 2018, HHKS 2019]

Conservative merging to obtain a realistic assessment of the

underlying uncertainties:

* Account for differences in results from the same
experimental inputs.

* Include correlations between systematic errors

w g VPLO = 693.1 (4.0) x 1071 25
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New CMD-3 2m measurement disagrees with all

previous measurements at 2.5 — 5o. New: from CMD-3 [F. Ignatov et al, arXiv:2302.08834]
This includes the CMD-2 measurements by the same = i ;f i cé\nnz
group, using similar methods (cause unknown). 3 T czn::
The Muon g-2 Theory Initiative organised two scientific : ‘ S5 |
seminars and panel discussions, involving experts in s KI§.0E coémb
these low-energy experiments [add link to indico]. E BABAR

= —— :
Discussions ongoing to scrutinize and hopefully identify g ; . BES
possible reasons for the experimental discrepancies. E f _ cf.Eo
Currently, no indication that CMD-3 measurement is 3 . SND2k
incorrect (nor any previous measurements). 3 ? Cé"D3 |
Previous radiative corrections and Monte Carlo E L ! |

Ll l L L L L l 1 L L L I L Ll 1 L L L L l Ll L L I L L L.l l L L '} L
{ bei tinised. including high g 360 365 370 375 380 385 390
generators are being scrutinised, including higher-order a™™ (0.6 <Is <0.88 GeV ), 10
and structure-dependent corrections.

CMD-3 measurement still to be published.

If confirmed, CMD-3 measurement will be

A lot more to be checked. No understanding of consistent with lattice evaluations.
differences between data so far.
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In collaboration with Genessa Benton, Diogo Boito, Maarten Golterman, Kim Maltman & Santi Peris.

CMD-3 compared to KNT19

To be able to compare CMD-3 with KNT19 data combination:

Data published as pion form factor, |E;,|?.

Must subtract vacuum polarisation effects using Fedor
Ignatov's VP correction update.

Must include final-state-radiation effects.
Put data on fine, common binning.

In the full 2r data combination range, the KNT19 analysis
found:

a® ™ (0305 - 1.937 GeV) = (503.46 + 1.91) x 10710,
n

Replacing KNT19 2pi data in the region 0.33 — 1.20 GeV with
CMD-3 data:

a?™ (0.305 — 1.937 GeV) = (525.17 +4.18) x 10719,

Neglecting possible correlations between e.g. CMD-3 and
CMD-2, this results in a difference of:

This removes the experiment vs. SM Muon g-2 discrepancy.

Aalr' ™ = (21.71 +4.96) x 10710 > 440,

Normalised
Difference (%)

)
1
=
+
=

g

Standard Deviations (o)

10

8<

CMD-3 [F. Ignatov et al, arXiv:2302.08834]

t
t

KNT19
CMD-3

— Quadratic fit

0.4

0.5

0.6

0.7

0.8

Vs [GeV]

0.9

1.1
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Impact of CMD-3

DISCLAIMER: these are NOT new updates or combinations including the
CMD-3 data — simply demonstrations of the impact of the CMD-3 data alone.

In collaboration with Genessa Benton, Diogo Boito, Maarten
Golterman, Kim Maltman & Santi Peris [arXiv:2306.16808].

—
—a—

195

BMW 20
—— LM 20
—a— xQCD 23
—— ABGP 22
—— Mainz/CLS 22
—a— ETMC 22
—a— Fermilab/HPQCD/MILC 23
- RBC/UKQCD 23
—e—i Data-based BBGKMP 23
N —e—  Data-based (CMD3) BBGKMP 23
200 205 210

a’ZVquC % 1010

CMD-3 [F. Ignatov et al, arXiv:2302.08834]

BNL g-2 @
FNAL g-2 (Run-1) Q@
< 4.20 >
SM SM
_ @
Data-driven BMWec Lattice HVP
HVP
< 210 >< 1.50 >
SM
@
Rough data-driven
hybrid using CMD-3
data only below 1 GeV
175 180 185 190 195 200 205 210 215

a,x10° - 1165900

IMPORTANT: THIS PLOT IS VERY ROUGH!

+ Tl White Paper result has been substituted by CMD-3 only for 0.33 > 1.0 GeV.
* The NLO HVP has not been updated.

+ ltis purely for demonstration purposes = should not be taken as final!

Until differences are understood, and intense scrutiny of new/old results is complete, no

conclusions can be drawn about the validity of SM estimates. A lot of work still to be done...
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1534 Conclusions

* Muon g-2 Experiment has finished running.
« Reached statistics goal.

« On target to beat systematics goal with major experimental improvements since Run-1.
« Combined Run-2/3 result announcement on August 10t.

« Dispersive HVP technique and analysis under control.
« Even with different approaches, analysis groups are consistent.
» Future relies on new experimental data and improvements to e.g. MC generators.
* New CMD-3 result in major tension with all previous two-pion data.
 Differences unknown — currently being scrutinised.
* Results in no muon g-2 discrepancy.
« But no conclusions to be drawn until differences have been understood.
» Major efforts of Muon g-2 Theory Initiative (for this and all other future work) ongoing.
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Backups
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MANCHESTER Radiative Corrections: VP/FSR

The University of Manchester

Corrections

Uﬁady must be bare (undressed of VP effects) and inclusive of FSR effects. Must correct measured data not in this format:

2
: - : O \\\We y
= Reconsider the optical theorem: Im «fw&c &~

Im nhnd{’lz;l ~ ’Thnd(([z)

VP corrections

had, VP

= Photon VP corresponds to higher order contributions to a,

et e

— Must subtract VP: >W§%wv® = >Vv:’-ww&§§

/
e e

*

a(eTe™ — 4* — hadrons) o%ete — 4* — hadrons)

= Fully updated, self-consistent VP routine: [vp_knt_v3_0], available for distribution

— Cross sections undressed with full photon propagator (must include
: : 0 2
imaginary part), ohad(8) = Ohaa(s)|1 — II(s)|

= If correcting data, apply corresponding radiative correction uncertainty

FSR corrections

had, VP

= Photon FSR formally higher order corrections to a,,

I"l_;J
- "

et
; W~
>MJVW® @ AAAL {8} AN
e

= Cannot be unambiguously separated, not accounted for in HO contributions
— Must be included as part of 1Pl hadronic blobs

= Experiment may cut/miss photon FSR — Must be added back

= For # 7™, sQED approximation [Eur. Phys. J. C 24 (2002) 51, Eur. Phys. J. C 28 (2003) 261]

= For higher multiplicity states, _ _
difficult to estimate correction .. Apply conservative uncertainty

No showstoppers here. Estimates between groups consistent and very conservative uncertainties applied.
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MANCHIZIER What about tau data?
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From the 2020 Theory Initiative WP (Phys.Rept. 887 (2020) 1-166):

“at the required precision to match the e* e~ data, the present understanding of the IB corrections to 1 data is
unfortunately not yet at a level allowing their use for the HVP dispersion integrals.”

Recent claims that including p — y mixing can account for e.g. dispersive vs. lattice, Babar vs KLOE:

Commonly forgotten: miXing of po, w, ¢ with the photon [po =Y lelng] i.e. effect A critical assessment of Aa_QCD*"had (mZ) and the prospects for improvements, F.

concerning relation

{A(=) A(0)) (1(2) 3(0))

photon propagator current correlator

e*e” measurement & LQCD calculation
® how to disentangle QED from QCD in e*e™-data ?

® o° —y absent in CC T — v,zx data,
but QED-QCD interference partincl. in e*e™ — n*n~ data,

® for getting had blob in e*e™ the v — p” mixing has to be removed!

® for the I=1 part of a*[n] results in

8a"™[py] ~ (5.1+0.5) x 1071,

Jegerlehner, ECFA Workshop on parametric uncertainties: a_em

Taking into account p — y interference resolves 7 (charged channel) vs. e" e~ (neutral channel)
puzzle, F.J.& R. Szafron [JS11], M. Benayoun et al.. However, not accepted by WP as a possible
effect, which is analogous to Z — y interference established at LEP in the 90’s.

p — v interference
(absent in charged channel)
often mimicked by large shifts
inM,and T,

p" is mixing with y:
propagators are obtained by
inverting the symmetric 2 x 2

I D (g) = vl e+ ivdians

ST = el p= o=

) e (7) () P
self-energy matrix il () = == o=+
Dl = ( q + sz(qz) , ng(qz) ) ) Irreducible self-energy contribution at one-loop
IL,(q")  q" - M;+11,(q°)

32



MANCHESTER
1824

The University of Manchester

What about tau data?

From the 2020 Theory Initiative WP (Phys.Rept. 887 (2020) 1-166):

“at the required precision to match the e* e~ data, the present understanding of the IB corrections to 1 data is
unfortunately not yet at a level allowing their use for the HVP dispersion integrals.”

Recent claims that including p — y mixing can account for e.g. dispersive vs. lattice, Babar vs KLOE:

Commonly forgotten: mixing of p°, w, ¢ with the photon [p° — y mixing] i.e. effect

5 for improvements, F.

concerning relation

pis not a

¢ uncertainties: a_em

1.

Inam

odel-independent desc

ription of stro
tate that you should accoun

ng phySiCS (QCD)’ the

R ) it
t for in interaction wi
lated in the final state.

h the photon.

tral channel)
[P as a possible

physical final s

[ capsu
All production mechanisms effects are encap

2. There is a power
HVP. ——reeTrTIICRED by farge shifts LTI (g) = e 4 nnbrton
® how to disenta order e =UAd 7 inM,and I, 157 (q) [ ren +

p" is mixing with y:

. iy () —
® p° -y absentin CC 7 — v,z data, propagators are obtained by L, ()
but QED-QCD interference partincl. in e*e™ — 72~ data, inverting the symmetric 2 x 2 vy () Y
self-energy matrix -l (g) = =0 o= + =

® for getting had blob in e*e™ the v — p° mixing has to be removed! 7 +11,,(¢%)

A Irreducible self-energy contribution at one-loop
I1,,(¢%)

frl:(

Hyp(qz) )
q2 - Mg + pr(qz) )

® for the I=1 part of a*[n] results in

6a™[py] ~ (5.1 £0.5) x 10712,
H 33



MANCHESTER Connection with Adhad

The University of Manchester

* Adapgq limits precision of EW precision fits and so the effectiveness of high-precision EW measurements.
« Can draw a direct parallel with evaluation of the Muon g-2 and probe the muon g-2 discrepancy.
 |s a test of low-energy hadronic theory, e.g. Lattice QCD vs dispersive e*e~ data.

LJP;:?rctle;tr:ny:)og " Experimentally measured hadronic cross section:

o h : -
: ad :
Parameter Input value Fit result Result w/o input value ) Muon 9_'2' ] ) ) bl Rupnlng SEDt'Coutplmg. .
M, (Gev) 80379(12) 80.35903) 80.357@)5) hadronic vacuum polarisation contribution adronic contripution to running
My (GeV) 510014 125.10(14) gqFois ///
R G = - 20
m, (Ge PA 3. b .
a,(M3) 0.1179(10) 0.1180(7) 4
M; (GeV) 91.1876(21) 91.1883(20) % : - [ e
Iz (GeV) 2.4952(23) 2.4940(4) 5 Aa® .(a?) = f ds o o .
Ty (GeV) 2.085(42) 2.0903(4) had,vp _ 1 (% d = : had (9" 4ma? ), had(s) =
o, (nb) 41.541(37) 41.490(4) ay T A S Thad(s) K(s) 5
R 20.767(25) 20.732(4) oo L : 2 2 ) .
RO 0.1721(30) 0.17222(8) \ ... evaluate at ¢ = M7 and input into global EW fit...
RY 0.21629(66) 0.21581(8) ... sum with other SM contributions... 5 e
i, (GeV) 1.27(2) 1.27(2) : %-’g e o
nity, (GeV) 4.18:0% 418308 4 i mep t T k-
A% 0.0171(10) 0.01622(7) A B 2N ; AAN : “E y
d y \ / \ Y <\ h : e - 7 3
A% 0.0707(35) 0.0737(2) e e Yoearvx : - ] 3
A% 0.0992(16) 0.1031(2) s QED  HadronicVP  Hadronic LbL Electroweak : ot f
A, 0.1499(18) 0.1471(3) pe i e : LI I
A, 0.670(27) 0.6679(2) vor : A
Ay 0.923(20) 0.93462(7) — Determines a3M and Aa, = 3.7¢ : — Predicts My, My, sin? 8,7, and more...
$in 02(Qrm) 0.2324(12) 0.23152(4) 0.23152(4)(4) ;
sin26'® . 0.23140(23) 0.23152(4 0.23152(4)(4 . : .
sin’0cf (Had Coll) i Sl Increase cross section so that Aa, = 0? : Increase cross section so that Aa, = 0?
— Solves muon g-2 discrepancy 5 — What happens to precision EW parameters?

Keshavarzi, Marciano, Passera and Sirlin,
Phys.Rev.D 102 (2020) 3, 033002 34
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The muon g-2 and Aa connection

Keshavarzi, Marciano, Passera and Sirlin, Phys.Rev.D 102 (2020) 3, 033002

« Shift KNT hadronic cross section in fully energy-dependent (point-
like and binned) analysis to account for Aa,,.

* Input new values of A«x into Gfitter to predict EW observables.

* Analysis greatly constrained from more precise EW observables
measurements and more comprehensive hadronic cross section.

e Can Aa be due to hypothetical mistakes in the hadronic o(s)?
e An upward shift of o(s) also induces an increase of Ax,4(5(M;).

® Consider:

wiro = a = [T o), fe)= 5 su< M
poo— b = | L BIDE, 9) = G L
Note the very different energy-
and the increase dependent weighting of the
AO(S) _ 60(8) integrands...

€>0, in the range:

Vs € [V'sg —6/2,V/s0 + /2]

Use Gfitter and precise and up-to-date compilation of total hadronic cross section from KNT,
Keshavarzi, Nomura and Teubner, Phys.Rev.D 101 (2020) 014029.

120

100

801

MH [GeV]

401

201

---- Experimental world average - central value
—-- Global EW fit [Aa®® (M) + Ab(+/sg, 6 = 100 MeV)]

——- Global EW fit [Aa® (M) + Ab(/sg, 6 = 210 MeV)]

----- Global EW fit [Aa® (M) + Ab(\/sq, 6 = 400 MeV)]
—-= MP25 [no sin26P inputs]
Global EW fit [Aa® (M) (KNT19)]

Experimental world average - uncertainty
Global EW fit [Aa'® (M) + Ab(yS0)] at =10
1 Global EW fit [Aa'® (M) + Ab(y/S0)] at 95% CL

0.3 04 05 0.6 0.7 08 09 1.0 1.1 1.2 13 14 15 16 1.7 1.8 1.9 2.0
VSo [GeV]

Shifting Ao (s) to fix Ag,, is possible, but:
 Excluded above ~ 1 GeV.

* |Increases to cross section needed are orders of
magnitude larger than experimental uncertainties.
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pi+pi-pi0, BESIII (2019), arXiv:1912.11208

pi+pi- [covariance matrix erratum], BESIII (2020), Phys.Lett.B 812 (2021) 135982 (erratum)
K+K-pi0, SND (2020), Eur.Phys.J.C 80 (2020) 12, 1139

etapiOgamma (res. only), SND (2020), Eur.Phys.J.C 80 (2020) 11, 1008
pi+pi-, SND (2020), JHEP 01 (2021) 113

etaomega — pi0Ogamma, SND (2020), Eur.Phys.J.C 80 (2020) 11, 1008
pi+pi-pi0, SND (2020), Eur.Phys.J.C 80 (2020) 10, 993

pi+pi-pi0, BaBar (2021), Phys.Rev.D 104 (2021) 11, 112003
pi+pi-2pi0omega, BaBar (2021), Phys. Rev. D 103, 092001
etaetagamma, SND (2021), Eur.Phys.J.C 82 (2022) 2, 168

etaomega, BaBar (2021), Phys.Rev.D 104 (2021) 11, 112004
pi+pi-piOeta, BaBar (2021), Phys.Rev.D 104 (2021) 11, 112004
omegaetapiO, BaBar (2021), Phys. Rev. D 103, 092001

pi+pi-4pi0, BaBar (2021), Phys.Rev.D 104 (2021) 11, 112004
pi+pi-piOpiOeta, BaBar (2021), Phys.Rev.D 103 (2021) 9, 092001
pi+pi-3piOeta, BaBar (2021), Phys.Rev.D 104 (2021) 11, 112004
2pi+2pi-3pi0, BaBar (2021), Phys. Rev. D 103, 092001

omega3pi0, BaBar (2021), Phys.Rev.D 104 (2021) 11, 112004
pi+pi-pi+pi-eta, BaBar (2021), Phys. Rev. D 103, 092001

Inclusive R(s), BESIII (2021), Phys.Rev.Lett. 128 (2022) 6, 062004
nnbar,SND (2022), arXiv:2206.13047

KOsK3pi. CMD-3 (2022), arXiv:2207.04615

KK3pi, BaBar (2022). arXiv:2207.10340
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MANCHEIER Results for data-driven evaluations of
The University of Manchester (5) 2 2
Aa;,(M3%) and a(M3)

KNT19: 42> (M2) = 276.09(1.12) x 10~*

had
> @ (M) = (1~ Aoy (M) — Aafy (M) — Betgop (M) ) ™ 5
Allhag (M2)
é%@%)ﬁ, @43379(2) x 10~% Aayop(MZ) = —0.7201(37) x 1074
DHMZ10: 275.59 +1.04 —+— —_— DHMZ10: 128.952 +0.014 —+—
o HLMNT11: 276.26 +1.38 —e— HLMNT11: 128.944 £ 0.019 —e—
FJ17:277.38+1.19 —— _— FJ17: 128.919 + 0.022 ——
_— DHMZ17: 276.00 +0.94 ~—— —_— DHMZ17: 128.947 +0.012 —+—
KNT18:276.11+1.11 —e— KNT18: 128.946 +0.015 —e—
_— DHMZ19: 276.10 £1.00 —— —_— DHMZ19: 128.946 +0.013 —+—
FJ19: 277.56 £ 1.57 —— - FJ19: 128.916 +£0.022 —+—
FJ19 [using Adler function]: 275.63 £1.20  —— —_— FJ19 [using Adler function]: 128.953 + 0.016 —*—
KNT19: 276.09+1.12  ==ge= KNT19: 128.946 + 0.015 st
274 275 276 277 278 279 280 281 282 128.000 128025 128.950 128.975 120.000 129.025 129.050 129.075
Aaf)(M2) x 1074 a~t(M2)

Phys.Rev.D 97 (2018) 114025, Phys.Rev.D 101 (2020) 014029.
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Areas/plans for improvement from KNT:

* New data

* New cross section measurements are currently being
included in preparation for a new update, e.g. BESIII:

/
BES]]I Phys. Rev. Lett. 128 (202’521 062004 I%

]

a Crystal/Ball
---pQCD+J/y and y'
L I N

35

® BESIII
= KEDR * MARK-I

¢ PLUTO
1 L

3
Vs (GeV)
* More cross section measurements due to be released.

* Updated data analysis from KNT in the next year(s),
including updated VP routine. .

* Future plans include a new evaluation of VP with significant
improvements and a specific VP-dedicated publication.

Prospects and motivation for
improvement

Motivation for improvement: Future measurements

FCC/FCC-ee (for example) would probe new physics at the
precision of non-perturbative hadronic corrections to the running
coupling for the first time.

-> Order(s) of magnitude improvement expected in e.g.,

sin® B¢ and My,.

World average: sin® 0, = 0.23151(14)

EW fit prediction: sin® 6,7 = 0.23152(4)parametric(en

Keshavarzi, Marciano, Passera and Sirlin, Phys.Rev.D 102 (2020) 033002, using Gfitter

Parametric error 4x107° on sin? 6,4 is dominated by
Aal® (M2) uncertainty.

Without an improvement in the precision of Aa,(li)d, the precision

of the EW fit prediction will become more precise than the
current best determination!

Need an improvement ~x3 in Aa’>), precision to make it

compatible with such measurements (e.g. sin® 6, precision <
1x1075).
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Motivation for improvement: tensions with lattice QCD

lat. + pQCD’[Adler] H4—H
lat. + KNT18[data] H-m-H
R-ratio
KNT18/19 o
DHMZ19 o
Jegerlehner 19 oo
EW global fits
Gfitter 18 =
Crivellin et al. 20 A
Keshavarzi et al. 20 =
Malaescu, Schott 20 v
HEPfit 21 ——

0.0255 0.0260 00265 0.0270 0.0275 0.0280 0.0285 0.0290

Tension with data-driven results
washed out at the Z pole.

Ao (M)

this work
BMWcl17

BMWc20

DHMZ data
Jegerl.

alphaQED19 |

KNT18 data

1.0GeV?

3.0GeVZ  5.0GeV?

Allyg(—0%) x 10°

4 - E

360 380

575 600 675 700 725

Ao (—0?) x 10°

Up to 3.50 tension with data-driven
results between 1 and 7 GeV?
(comparable to g-2 discrepancy...).

Simon Kuberski, Mainz Lattice, SchwingerFest 2022

Prospects and motivation for
improvement

Other prospects for improvement:

New low-energy data for a7, (s) (CMD-3,
SND, KEDR, BESIII, Belle-2, ...).

Direct determination of 4a'>), (M2)
measuring the muon asymmetry A%g(s) in
the vicinity of the Z-pole (see Patrick
Janot’s talk in this workshop).

Euclidean split method (Adler function).
Needs spacelike offset 4a'>), (—MZ2) with

—MZ2 ~ 2 GeV and pQCD (see Fred
Jegerlehner's talk in this workshop).

Direct measurement of Aa,(li)d (q?) from
MUonE muon-electron scattering
experiment.

More lattice QCD evaluations..



